To determine the type of cell(s) that contain latent varicella-zoster virus (VZV) DNA, we prepared pure populations of neurons and satellite cells from trigeminal ganglia of 18 humans who had previously had a VZV infection. VZV DNA was present in 34 of 2,226 neurons (1.5%) and in none of 20,700 satellite cells. There was an average of 4.7 (range of 2 to 9) copies of VZV DNA per latently infected neuron. Latent VZV DNA was primarily present in large neurons, whereas the size distribution of herpes simplex virus DNA was markedly different.
Varicella-zoster virus (VZV) is present in a latent form in sensory ganglia of humans who have had a primary infection (varicella) with VZV (11) . This is demonstrated by the reactivation of VZV in these individuals as herpes zoster and by the presence of VZV DNA and proteins in ganglia recovered at autopsy (2, 3, 5, 9, 10, 12, 13, 15, 16, 19, 20, (22) (23) (24) 26) . Different laboratories have ascribed the site of latency to either neurons (12-14, 18, 22) or perineuronal satellite cells (5, 26) ; some laboratories suggest that neurons are the primary site of latency together with a smaller proportion of satellite cells containing the VZV genome (16, 20) . The primary aim of the experiments described here was to determine the type of cell in trigeminal ganglia that harbors latent VZV and also to obtain data on the proportion of these cells that contain latent VZV. One reason why the site of VZV latency has remained an open question is that neurons and satellite-supporting cells are tightly associated in ganglia and the in situ methods used to locate VZV DNA did not clearly resolve the source of the hybridization signal. This resolution was easier for latent HSV because a strong hybridization signal to HSV facilitated its localization to the nucleus of the neuron. In contrast, the hybridization signal from VZV DNA is considerably weaker and dispersed over both nucleus and cytoplasm. While the hybridization methodology has improved, these considerations remain (21, 30) . To reduce the ambiguities inherent in the in situ methods, we developed a procedure to separate cell types prior to analysis. The separation procedure has been verified with a study of HSV (1) . This report presents data on the cellular localization of latent VZV, the frequency of latency, and the number of viral genomes present in latent cells.
MATERIALS AND METHODS
Cell separation. Trigeminal ganglia were obtained at autopsy. The clinical history and time elapsed from death to autopsy were recorded. Trigeminal ganglia were processed as previously described in a study of HSV latency (1) . Both ganglia from an autopsy were pooled, trimmed, weighed, and minced in 200 l of phosphate-buffered saline (PBS) containing 3% bovine serum albumin (BSA). Eight milliliters of PBS-3% BSA was added to the minced tissue, and the number of neurons present was determined by direct microscopic count. Between 50 and 80% of the neurons were released by the mincing procedure, and 2 ϫ 10 4 to 6 ϫ 10 4 neurons were obtained from the pooled ganglia. A sample of the minced tissue was subjected to PCR analysis to determine the VZV status of the ganglia; 82% of available autopsies were VZV positive. VZV-positive ganglia were then rapidly processed. The cell suspension was passed from a syringe through a 60 m-pore-size nylon net filter (NY6002500; Millipore) into a 15-ml tube. The tube containing the effluent was placed at 4°C for at least 6 h. The upper layer, containing small particle debris, was aspirated and discarded. The pellet was resuspended in 1 ml of PBS-3% BSA and placed in a 60-mm-diameter plastic dish so that the number of neurons and satellite cells could be determined. Cells were identified under a microscope by their morphology and retrieved with a micromanipulator (Leitz 833240) connected to a Hamilton Luer tip syringe (no. 81001). The syringe was fitted with a Fisher gel-loading tip that had the broad end cut back and the slender end cut on a slant to facilitate aspirating cells. Cells identified as neurons or satellite cell clumps were placed in separate dishes containing 6 ml of PBS-3% BSA. Isolated neurons or clumps of satellite cells free of neurons were washed three times in dishes containing autoclaved distilled water containing 0.01% Triton X-100. The desired number of cells was placed in MicroAmp tubes for PCR analysis. The purity of selected neurons and clumps of satellite cells was monitored by direct observation with Hoffman optics and after staining with 4Ј,6Ј-diamidino-2-phenylindol (DAPI) (VECTASHIELD; Vector Laboratories, Burlingame, Calif.).
VZV antibody determination. Plasma from bloody fluid removed from the peritoneal cavity at autopsy was tested for VZV-specific antibody by an enzymelinked immunosorbent assay method performed according to the manufacturer's instructions (no. 720-380; Diamedix).
VZV PCR. The detection of VZV DNA was routinely carried out by using conditions previously described to amplify a segment of the HSV DNA polymerase gene (1) . Selected neurons or satellite cells were placed in MicroAmp reaction tubes with 5 l of distilled water. Five microliters of proteinase K solution (2 mg of proteinase K per ml of Tris-Cl buffer [10 mM {pH 9.5}, 0.2% Triton X-100]) was added, and the samples were subjected to a thermal cycle of 65°C for 10 min, 25°C for 2 min, 65°C for 2 min, and 97°C for 5 min and allowed to stand at 4°C. These conditions lysed the cells, making the DNA available for PCR, and inactivated the proteinase K. Forty microliters of PCR master mixture was added to each tube so that the final volume of 50 l contained 10 mM KCl, 10 mM (NH4) 2 SO 4 , 20 mM Tris-Cl (pH 8.75), 2 mM MgSO 4 , 0.1% Triton X-100, 100 mg of BSA/ml, 200 mM concentrations of each of deoxynucleoside tripphosphate, 0.5 mM concentrations of each primer, and 1.25 U of DNA polymerase (cloned PFU of DNA polymerase, no. 600159; Stratagene). VZV genome open reading frame 29 (ORF29) (DNA-binding protein) was detected with a downstream primer sequence VZV29j of 5Ј-TACGGGTCTTGCCGGAGCTGGTA T-3Ј and an upstream primer sequence VZV29k of 5Ј-AATGCCGTGACCAC CAAGTATAAT-3Ј. PCR amplification with the VZV29j and VZV29k primers yielded a DNA fragment 273 nucleotides in length. In order to confirm that detection of the VZV DNA ORF29 accurately reflected the presence of the viral genome, PCR analysis was also carried out with a second VZV gene, ORF63. The downstream primer sequence was 5Ј-GCGAGATTCACGAAGATTGCG-3Ј, and the upstream primer sequence was 5Ј-CAATTACATCCGATGGCG TAG. PCR amplification with these primers yielded a DNA fragment of 293 nucleotides in length.
Amplification was performed with a GeneAmp PCR System 9700 Thermal Cycler. For both VZV genes, the initial denaturation step was 96°C for 60 s. There were 20 touchdown cycles with a denaturation step at 95°C for 15 s, annealing from 69 to 61°C (decrease of 0.4°C each cycle) for 30 s, and extension at 72°C for 30 s followed by 25 cycles of 95°C for 15 s, 61°C for 30 s, and 72°C for 30 s. The final extension was at 72°C for 6 min. The PCR products were separated on a 3% agarose gel and visualized by ethidium bromide staining.
For VZV ORF29, the PCR product was confirmed by Southern blot analysis. Blots were hybridized with a digoxigenin-labeled probe with the sequence 5Ј-CACGGAGGCAAACACGTTTACCCAGCTCC-3Ј and detected with antidigoxigenin alkaline phosphatase and chemiluminescent alkaline phosphatase substrate CDP-Star (no. 1093274 and 1685627; Boehringer Mannheim). To carry out nested primer PCR analysis of VZV ORF29, 1 l of the initial PCR mixture was added to a second master mix reaction tube containing the downstream primer n-VZV29j (5Ј-ACTCACTACCAGTCATTTCTATC-3Ј) and the upstream primer n-VZV29k (5Ј-GTATTTTCTGGCTCTAATCCAAG-3Ј). The product obtained with the nested primers was 213 nucleotides in length.
The sensitivity of the VZV PCR assay was determined in reconstruction experiments with purified VZV plasmid DNA quantitated by optical density measurements and standard agarose gel analysis. The plasmid standard was diluted to give the desired number of DNA fragments per reaction tube prior to amplification. One copy of VZV DNA was detected in 4 of 12 samples (33%), 2 copies of VZV DNA were detected in 12 of 18 samples (67%), 4 copies of VZV DNA were detected in 14 of 18 samples (78%), and 6 copies of VZV DNA were detected in 17 of 18 samples (94%). Nested set PCR and Southern blot analyses generated strong signals in samples that had low VZV DNA copy numbers. These techniques confirmed that 1 to 2 copies of VZV DNA were detected 50% of the time but did not increase sensitivity significantly. As a control for DNA degradation, and as a measure of the relationship between gene dosage and cell number, the globin gene was measured by PCR in 1, 2, and 4 neurons by using primers and amplification conditions previously described (28) . The globin gene was detected in 60% of the assays containing a single neuron and in 100% of those with two neurons.
Quantitative VZV PCR. The number of copies of the VZV genome in latently infected neurons was estimated by quantitative competitive PCR in tubes containing known numbers of neurons and an internal control of a recombinant plasmid DNA containing a VZV ORF29 DNA fragment. VZV plasmid DVscript178 was constructed by using the primers of VZV29j and VZV29k as described by Forster (8) . The 178-nucleotide product from the plasmid DNA is readily separated from the wild-type product by 3% agarose gel electrophoresis. PCR products from competitive reactions were stained with Vistra Green (RPN5786; Amersham) and quantitated with STORM 860 (Molecular Dynamics). A pooled sample of VZV-containing neurons was prepared, and the concentration of VZV DNA in this pool was determined by competitive PCR. Aliquots of this pool corresponding to 2, 4, 6, 8, and 10 copies of the latent VZV genome were mixed with 10 copies of the internal VZV plasmid standard in each tube. The reconstruction samples with the mixed DNA were subjected to PCR analysis, and the products were separated by electrophoresis and quantified. The ratio of the band intensity of latent VZV DNA and plasmid competitor DNA was plotted as a function of input latent VZV DNA. The number of VZV ORF29 DNA copies in neuronal cells in subsequent experiments was determined from this curve.
HSV PCR. Herpes simplex virus (HSV) DNA was detected by using the PCR conditions previously reported (1) .
Measurements of neurons size. Neuron size was determined from digital photos of cells taken together with a calibration grid. Photos were analyzed with the Scion Image program (beta 4.0.2; Scion Corporation) to outline individual neurons and compute the area of neurons in terms of squared micrometers. Neurons from three autopsies (HG-98, HG-99, and HG-105) were analyzed in terms of area. Neurons were selected for PCR on the basis of cell diameters measured with the use of a microscope eyepiece containing a measuring bar. The neuron cell areas measured in photographs and the microscope measurements of cell diameter correlated.
RESULTS
Characterization of neurons and satellite cells. Neurons and satellite cells were cleanly separated from a trigeminal ganglion by a validated method (1) . Neurons of various sizes are demonstrated in an unfractionated preparation of minced ganglia (Fig. 1A) . The characteristic appearance of purified clumps of satellite cells without neurons is demonstrated in Fig. 1B . Isolated neurons in phase contrast (Fig. 1C) and DAPI staining of these same neurons demonstrates that they are free of satellite cells (Fig. 1D) .
Presence of VZV DNA solely in neurons. In order to determine the site of VZV latency in trigeminal ganglia, PCR analysis of isolated neurons and clumps of satellite cells was undertaken. Detection of globin DNA was used as a positive control for the PCR method and as a measure of sensitivity. From a single pair of trigeminal ganglia obtained at autopsy (HG-72), 18 samples, each containing 20 purified neurons, were prepared, lysed, and divided into three fractions. Onethird of each sample was assayed for the presence of VZV gene 29, one-third was assayed for the presence of VZV gene 63, and the remainder were assayed for the presence of the globin gene. The results of the PCR analysis are shown in Fig.  2A and B. Three of the 18 samples, shown in lanes 5, 7, and 17 ( Fig. 2A and B) were positive for both VZV genes. A Southern blot confirmed the identity of the gene 29 product (data not shown). All samples were positive for the globin gene (Fig.  2C) .
Eighteen samples from the same ganglion, each containing 5 clumps of satellite cells, were prepared and divided in half and subjected to direct PCR analysis for the presence of VZV gene 29 or the globin gene. VZV DNA was not detected in satellite cells (approximately 56 cells/clump, total of 280 satellite cells) (Fig. 2D) . Southern blot analysis confirmed the absence of VZV gene 29 DNA in satellite cells (Fig. 2E) . Globin DNA was present in all samples of satellite cells (Fig. 2F) . These results establish that VZV DNA was latent in neurons and not in satellite cells from ganglia from this autopsy. Because DNA from both VZV gene 29 and VZV gene 63 were present in the three samples of neurons, shown in lanes 5, 7, and 17, it appears that the VZV DNA was stable during isolation and that either gene is suitable for studying VZV latency.
Frequency of neurons containing VZV DNA. In order to determine the frequency of VZV latency, PCR analysis was carried out on individual neurons isolated from three cadavers (HG-70, HG-88, and HG-91). The proportion of neurons positive for VZV gene 29 was 1 of 15 cells, 3 of 100 cells, and 0 of 18 cells, respectively. This experiment indicates that, in trigeminal ganglia, the proportion of neurons that contain a VZV genome is low. Therefore, subsequent determinations utilized samples of 10 isolated neurons per PCR tube to establish the proportion of neurons in additional ganglia that contain VZV DNA. Table 1 contains information on the ganglia from 12 autopsies, all of which had the presence of VZV DNA detected prior to cell separation and were subsequently shown to be from VZV-seropositive cadavers. The age, sex, clinical history, and time from death to autopsy are listed. The number of neurons and satellite cell clumps analyzed for VZV gene 29 are indicated for each autopsy sample. Assuming that the VZV DNA in a PCR tube originated from a single VZV DNAcontaining neuron, the data indicates that 34 of 2226 neurons contained VZV DNA. This assumption is based upon the low prevalence of VZV-positive neurons found in the analysis of single neurons. In the 12 individuals studied, the frequency of latency was consistently low, ranging from 0.8 to 3.8%, with a mean of 1.7% Ϯ 0.86%. No tubes of satellite cell clumps, representing approximately 20,700 satellite cells, contained VZV DNA. To verify the authenticity of the VZV amplicon and test the sensitivity of the PCR method, Southern blots and nested-set PCRs were performed on samples from representative ganglia. A Southern blot of samples from ganglion HG-93 is shown in Fig. 3A and B. Nested PCRs of samples from ganglia HG-86 and HG-95 are shown in Fig. 3C and D. Nested PCRs of 139 samples of neurons from four autopsies detected only one additional positive sample not found by regular PCR. We conclude that Southern blots and nested PCR did not appreciably alter the conclusions from Table 1 .
The VZV DNA detected by PCR was intracellular and did not reflect extracellular contamination, as demonstrated by the absence of detectable VZV DNA prior to cell lysis (1) . This is further demonstrated by the absence of VZV DNA in most of the tubes from the single cell experiment, as well as by the absence of VZV DNA in satellite cells.
Amount of VZV DNA in single cells. As was observed in the study of HSV latency, the band intensity for VZV DNA varied in 10 neuron samples analyzed by PCR (Fig. 3A) and by South- ern blotting (Fig. 3B ). These observations suggested that latently infected cells contained different amounts of viral DNA. The quantity of VZV DNA in single neuron samples was determined by quantitative competitive PCR. A calibration curve was determined with aliquots of latent VZV in neurons ( Fig. 4A and B) . A representative quantitative analysis (HG-100) is shown in Fig. 4C . These measurements show that the quantity of VZV DNA in a neuron is low. The variation observed within and between ganglia from four autopsies is narrow ( Table 2) . Presence of latent VZV and HSV in neurons as a function of neuronal size. Neurons from 3 ganglia varied in size from 325 to 6,446 m
2 . An arbitrary classification of neurons into small (325 to 2,502 m 2 ), medium (953 to 3,078 m 2 ), and large (2,031 to 6,446 m 2 ) classifications resulted in an average size distribution in minced ganglia from 4 autopsies of 19% small, 55% medium, and 26% large neurons. PCR analyses of ganglia from these three autopsies showed VZV DNA was present in 13 of 770 large neurons, 4 of 740 medium neurons, and 1 of 740 small neurons (Tables 3 and 4 ). PCR analysis of ganglia from one autopsy detected HSV DNA in 3 of 180 large neurons, 5 of 360 medium neurons, and 6 of 180 small neurons. The presence of HSV in neurons of all size classifications is in agreement with our earlier study (1) , but there appears to be a tendency towards a higher frequency of HSV latency in neurons within the small classification.
Relationship of latent VZV and HSV in neurons. Thirtyeight samples, each containing 10 isolated neurons, were lysed, and one-half were analyzed for the presence of VZV DNA and one-half were analyzed for the presence of HSV DNA. The VZV genome was present in 6 of the tubes, consistent with 6 neurons of 380 (1.6%) containing latent VZV. Similarly, 7 of the tubes of neurons contained HSV DNA, suggesting that 1.8% of neurons contained latent HSV. One of these tubes had both HSV and VZV DNA. This is the expected result in a tube with 10 neurons if the presence of an HSV genome in a neuron does not significantly increase the likelihood that a VZV genome would also be present in that neuron.
DISCUSSION
While primary infection with two members of the alphaherpesvirus family, HSV and VZV, leads to different diseases, both viruses establish latency in neurons (7, 30, 31) . The site of HSV latency is exclusively in the neuron (7, 31, 32) . Previous publications based on semiquantitative evaluation of human ganglia have determined the proportion of neurons containing VZV DNA to be Ͻ0.3% (13), 2 to 7% (14, 16) , or the majority (12), and using calculations based on estimates of numbers of neurons, the number of VZV copies per neuron has been calculated to be 2 to 16 (4, 18, 27) . While recent publications indicate that neurons are the predominant site of VZV latency, the close association between satellite supporting cells and neurons makes it difficult to completely eliminate satellite cells as a secondary site of latency (16, 21, 30) . Our experiments address this question directly by using a fractionation procedure that yields highly purified populations of neurons and satellite cells. Our sensitive PCR assay detected VZV DNA in 1.7% Ϯ 0.86% of the isolated neurons and did not detect VZV DNA in Ͼ20,700 nonneuronal cells. These data indicate that VZV, like HSV, is latent only in neurons and provide an incentive for identifying neuronal subtypes containing VZV genomes.
The proportion of latently infected neurons varied slightly among ganglia, but the mean was similar to that determined by in situ PCR (16) , by an alternative fractionation procedure based on selective filtration (18) , and by calculation from realtime PCR analysis of nucleic acids extracted from ganglionic tissue (4, 27) . The procedure utilized in this paper is distinct from the methods listed above, since it is based on individual neurons studied in the absence of other types of cells and makes no assumptions about the frequency of viral latency. Using the same fractionation method, we reported previously that the proportion of HSV latently infected neurons ranged from 2 to 7% with a mean value of 3% (1). The proportion of VZV-positive neurons is lower than that determined for HSV-positive neurons, but should be considered a minimal value, since neurons that contain one or two VZV genome copies would not give a positive PCR signal in 50% of the assays. However, nested-set PCR and Southern blot analyses gave the same frequency of VZV latency as that found with direct PCR analyses. We observed that the proportion of VZV latently infected neurons varied slightly among ganglia, with the range of 0.8 to 3.8% and a mean value of 1.7% Ϯ 0.86%. As with HSV, it is possible that the latency burden of VZV varies with the severity of the primary illness (29) . Consistent with this possibility is the reported variation in virus load during the viremic stage of acute VZV infection (6, 25) . The number of VZV genome copies per latently infected neuron was 2 to 9 genome copies (mean 4.7). These values are similar to, but somewhat lower than, those determined by other methods and also lower than those found for HSV by (4) . The differences between the data reported in this paper and the earlier reports could be due to the methods of analysis or our small sample size. The quantitative PCR method used to obtain the data shown in Table 2 and the real-time PCR method used by Cohrs et al. are equally sensitive (data not shown). Our preliminary analyses of 8 additional ganglia indicate that the VZV copy number remains low, at an average of 5.3 copies per neuron. As pointed out by Cohrs et al., the high values found in a few samples could be due to a high frequency of latency or virus reactivating from latency. However, Table 1 indicates that the proportion of VZV-containing neurons were similar, regardless of the cause of death or the interval from death to autopsy.
The present procedure allows fractionation of neurons on the basis of size. Microscopic measurements show that neurons in filtered and sedimented preparations range from 325 to 6,446 m 2 and that filtration did not lead to the loss of the larger neurons (data not shown). Analysis of neurons on the basis of size shows that the VZV genome is present predominantly in the large (2,031 to 6,446 m 2 ) neurons. This observation suggests that the establishment of VZV latency is not random and occurs in a subset of neurons. We did not observe this preference for large neurons in our study of HSV latency. This difference between the two alphaherpesviruses is consistent with our observation that the HSV and VZV genomes are rarely latent in the same neuron and argues against a unique neuronal type that is used by both alphaherpesviruses to establish latency at the time of primary infection. Moreover, the predilection of VZV for large neurons (representing 26% of trigeminal ganglion neurons) suggests that these neurons may have unique properties such as a higher density of VZV-tropic surface receptors or genetic elements that facilitate latency.
The frequency of recurrence is different between the two alphaherpesviruses. This may reflect the type of neuron in which latency is maintained, the number of neurons infected, or the expression of viral genes in latently infected cells. Our data indicate that different types of neurons are preferentially infected by each of these viruses and that the proportions of neurons that establish latency are somewhat different.
